Abstract: Nearly all patients with end-stage renal disease develop hyperphosphatemia. These patients typically require oral phosphate binders for life-long phosphorus management, in addition to dietary restrictions and maintenance dialysis. Recently, niacin, a traditional antilipemic agent, drew attention as an experimental treatment for hyperphosphatemia. The purpose of this article was to report on new findings regarding niacin's novel effects and to review the possibility of repurposing niacin for hyperphosphatemia treatment in dialysis patients by elucidating its safety and efficacy profiles along with its synergistic clinical benefits. Following approval from the Institutional Review Board, we tracked the yearly trends of order frequency of niacin in comparison with statins and sevelamer in a tertiary care hospital. Also, a Cochrane Library and PubMed literature search was performed to capture prospective clinical trials on niacin's hypophosphatemic effects in dialysis patients. Niacin use in clinical settings has been on the wane, and the major contribution to that originates from the wide use of statins. Niacin use rates have further plummeted following a trial failure which prompted the suspension of the niacin-laropiprant (a flushing blocker) combination product in the global market. Our literature search identified ten relevant articles. Overall, all studies demonstrated that niacin or nicotinamide (the metabolite form) reduced serum phosphorus levels as well as Ca-P products significantly. Additive beneficial effects on lipid parameters were also observed. Sevelamer appeared superior to niacin in a comparative study, but the study design had several limitations. The intervention dosage for niacin ranged from 375 to 1,500 mg/day, with the average daily dose of approximately 1,000-1,500 mg. Niacin can be a patient-convenient and inexpensive alternative or adjunctive therapy for phosphorus management in dialysis patients. Further well-designed, large-scale, long-term, comparative trials are needed to successfully repurpose niacin for the new indication.
Introduction
Abnormalities in calcium-phosphorus (Ca-P) homeostasis and marked elevations in serum phosphorus levels are characteristic of advanced chronic renal disease. 1 Nearly all patients with end-stage renal disease (ESRD) develop hyperphosphatemia, which is a significant risk factor for hypertension, vascular calcification, and substantial cardiovascular morbidity and mortality. 2, 3 In a study by Kestenbaum et al, 4 each 1 mg/dL rise in serum phosphorus was linked to an estimated 23% increased risk of mortality. Therefore, patients with ESRD require tight control of serum phosphorus in the form of dietary restrictions in conjunction with pharmacotherapy and maintenance dialysis. 5, 6 Current phosphorus-lowering treatments in ESRD patients include calcium-containing phosphate binders and non-calcium containing phosphate binders, such as aluminum hydroxide, sevelamer, and lanthanum carbonate. Studies have shown that all phosphate binders are equally effective in lowering serum phosphorus concentrations. 7 However, these agents are not comparable in their cost, toxicity, and tolerability. Therefore, the most appropriate binder must be selected in consideration of several factors, such as side effects of a particular binder as well as individual patient characteristics.
The traditional phosphate binders have common drawbacks that may negatively influence patient adherence to the medication regimen. Calcium salts have fallen out of favor due to possible hypercalcemic events and increased coronary artery and aortic valve calcification risks. 7, 8 All currently available phosphorus-lowering agents work by binding dietary phosphate in the gastrointestinal (GI) tract, and the chelate is eliminated in the feces, preventing the absorption of phosphorus into the bloodstream. Therefore, these agents must be taken with oral nutrient intake or tube feeding, otherwise they do not work. Other limitations include large pill burden, GI side effects, and aluminum toxicities specifically with aluminum hydroxide. 9 Currently, sevelamer, an anion exchange resin, has sustained a clinically preferred safety profile over other calcium-based or non-calcium containing binders because it is not absorbed, hence poses no risk of cation-induced toxicities. 10 Among the two available salt forms, the carbonate form of sevelamer is better tolerated in patients than the previous hydrochloride form, as the latter often exacerbates the tendency of patients with advanced kidney disease to metabolic acidosis. 11 Also, the new powder formulation of sevelamer carbonate for oral suspension provides a novel, patient-convenient alternative to traditional tablet-form phosphate binders. However, despite the tolerability and formulational improvements, there still exist the disadvantages, such as large dose burden, GI side effects, and the strict direction to be taken three times daily with meals.
Recently, niacin, also known as nicotinic acid and vitamin B3, drew attention as an experimental option for elevated serum phosphorus concentrations in chronic renal disease patients. [12] [13] [14] [15] Animal models suggested that niacin decreases phosphorus absorption in the GI tract by the direct inhibitory effect of nicotinamide (or niacinamide), a metabolite of niacin, on active sodium-phosphate cotransporter in the small intestine. 16, 17 This is a distinct mechanism of action from the traditional phosphate binders. Preliminary studies showed that niacin can be a useful primary or add-on therapy for hyperphosphatemia in ESRD patients. [12] [13] [14] [15] Once-daily oral niacin treatment for elevated serum phosphorus levels has been investigated in a limited number of clinical trials in dialysis patients, 18 but the clinical investigation of niacin's novel effects is still in its early stages.
As the first cholesterol-reducing agent, niacin has welldocumented beneficial effects in hyperlipidemia management. It specifically reduces serum triglycerides as well as low-density lipoprotein cholesterol (LDL-C) and most effectively raises high-density lipoprotein cholesterol (HDL-C), by up to 35%. 19 Boosting HDL-C levels can be as important as lowering LDL-C because studies have confirmed the status of low HDL-C level as an independent risk factor for cardiovascular events. 20, 21 Despite the robust evidence for the impact of niacin treatment for dyslipidemia, present-day researchers encounter practical challenges when organizing clinical trials to investigate niacin's novel effects -the vitamin is now rarely used in clinical settings.
With its cost-effectiveness and additive effects as a traditional dyslipidemia treatment, niacin can be a promising candidate for drug repositioning as a phosphorus-lowering agent in ESRD patients. However, due to a paucity of concrete clinical evidence on its efficacy and safety in comparison with the gold standard phosphorus-lowering therapy, clinicians are still faced with uncertainties in practice as to whether they should consider niacin as a primary or adjunctive hyperphosphatemia treatment in ESRD patients. The purpose of this article was to report on new findings regarding the use of niacin in the treatment of hyperphosphatemia in dialysis patients and to review the possibility of repurposing niacin for the new indication by elucidating its safety and efficacy profiles along with its synergistic clinical benefits.
Methods
After obtaining approval from the Institutional Review Board in June 2014, we tracked the yearly trends of order frequency of niacin in comparison with statins and sevelamer since the adoption of electronic medical records in 1999 at the Ajou University Hospital in Korea.
We also performed a literature search to identify clinical trials of ESRD patients on dialysis that evaluated the effects of niacin and its analog in lowering serum phosphorus concentrations. PubMed and Cochrane Library were searched, without language and geographical restrictions, for articles published since 2004. The search terms included niacin, nicotinic acid, nicotinamide, niacinamide, and hyperphosphatemia. The reference lists of captured articles and previous reviews were also searched to find additional primary 
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Niacin and hyperphosphatemia management in dialysis patients literature that may not have been captured through the initial search. Two reviewers independently screened the article titles, abstracts, and full texts to identify clinical trials that may be suitable for inclusion criteria. The inclusion criteria were broken into four categories: 1) only prospective studies, including placebo-or comparator-controlled trials, were eligible; 2) adult patients on hemodialysis or peritoneal dialysis were included; 3) niacin (nicotinic acid) or nicotinamide (niacinamide) must have been used for hyperphosphatemia treatment; and 4) endpoints must include serum phosphorus levels, and other outcome measures include corrected/uncorrected serum Ca, Ca-P product, HDL-C, LDL-C, triglycerides, thrombocytopenia, diarrhea, flushing, pruritus, and rash. We also conducted another search through http://clinicaltrials.gov to identify ongoing clinical trials. A dose-finding study (NCT01200784) was returned through this search, but the results have not yet been published.
Results

Niacin use on the wane
The major contribution to the usage drop originates from the rise of statins, which include the blockbuster cholesterollowering medications, such as atorvastatin and rosuvastatin. As an example, the yearly trends of order frequency of niacin versus statins in a tertiary-care hospital with over 1,000 patient-beds in Korea are presented in Figure 1 . Niacin use rates were constantly minimal and have plummeted into near nonexistence since 2012. Conversely, statin use rates, especially atorvastatin and rosuvastatin, have skyrocketed over the past 15 years. Additionally, Figure  2 demonstrates the yearly order patterns of niacin versus sevelamer, the phosphate binder with the most favorable safety profile. The current order patterns clearly show that designing a comparative study between niacin and sevelamer retrospectively is not plausible.
Another factor that might have negatively affected the usage rates of niacin is its most prominent side effect, facial flushing. Niacin promotes cutaneous vasodilation via stimulating the production of prostaglandins. 22 The subsequent burning sensation is harmless but unpleasant and made it difficult for patients to comply with niacin therapy. Pretreatment with aspirin has been frequently utilized to reduce the incidence of flushing, but provided limited effects. In 2007, Merck developed a new version of niacin (Tredaptive) that was combined with laropiprant, a novel and highly selective prostaglandin D2 receptor subtype 1 inhibitor, to decrease the incidence and intensity of niacin-induced skin flushing. 23 However, unexpected adverse effects, such as bleeding and infections, have been reported with the combined niacin-laropiprant product, 23 and no concrete evidence has been provided on which component of the combination is responsible for the adverse outcomes. The study results prompted the suspension of Tredaptive worldwide and, since then, the use of niacin has further plummeted. All these factors are posing practical barriers to implementing further clinical investigation on niacin.
Previous study results on niacin's hypophosphatemic effects
By our literature search, 12 relevant articles were originally identified, and two were excluded as they only included patients free of clinical renal disease. The ten eligible trials enrolled 261 adult patients in the active group and 135 adult patients in the control group. Of the ten articles, five were 
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Shin and Lee a placebo-controlled design including two crossover trials, and one was a head-to-head comparison against sevelamer hydrochloride. The important findings from the selected trials are summarized in Table 1 , including concomitant statin use and changes in lipid parameters. Niacin was the study drug in six trials; while in four trials, the metabolite form of nicotinamide (or niacinamide) was studied. Other phosphate binder use was not strictly limited in five studies. Statin was used concomitantly in three trials, while the remaining trials did not specify the information. [12] [13] [14] [15] 18, [24] [25] [26] [27] [28] A prospective, open-label study of 2004 in Japan enrolled 65 hemodialysis patients with elevated baseline phosphorus. 12 The patients received nicotinamide for 12 weeks, at a starting dose of 500 mg/day, with titration every 2 weeks by 250 mg/day. The serum phosphorus level decreased from 6.9±1.5 to 5.4±1.3 mg/dL (P0.0001), and the Ca-P product dropped significantly from 59.8±14.5 to 47.3±13.4 mg 2 /dL 2 during the 12-week treatment (P0.0001). Adverse effects of nicotinamide included reversible thrombocytopenia and diarrhea.
Another prospective, open-label study in India enrolled 34 patients on maintenance hemodialysis with hyperphosphatemia. 13 Niacin therapy was initiated at 375 mg/day, with dose increase to twice daily if necessary after 2 weeks of therapy. Following the 8 weeks of treatment, the serum phosphorus level decreased from 7.7±1.5 to 5.6±1 mg/dL (P0.001), and a concurrent fall in Ca-P product was observed from 63.1±15.1 to 48.7±10.9 mg 2 /dL 2 (P0.001). Two patients experienced mild pruritus, otherwise niacin was well tolerated.
In a German study of 2007, researchers enrolled 17 dialysis patients who tolerated a daily dose of at least 1,000 mg (average dosage 1,470±110 mg/day).
14 Niacin was initiated at 375 mg/day, with titration every 2 weeks to 500, 1,000, 1,500, and 2,000 mg/day, respectively. Six patients stopped therapy prematurely because of flushing, weight loss, or hypotension during dialysis. Overall, serum phosphorus values decreased from 7.2±0.5 to 5.9±0.6 mg/dL (P=0.015). Adverse effects due to niacin were flushing and diarrhea.
A Colombian study of 2008 recruited nine renal disease patients on dialysis with a baseline serum phosphorus level 5.5 mg/dL despite standard phosphate binder treatment. 15 Patients were started on niacin 500 mg/day, and 3 months later, the dosage was increased to 1,000 mg/day. The 8-month treatment resulted in a significant reduction in serum phosphorus from 6.46±0.53 to 3.94±0.76 mg/dL (P0.01). The reduction in Ca-P product was also significant. No adverse events attributable to niacin were reported.
Cheng et al 24 enrolled 33 hemodialysis patients with elevated baseline phosphorus in a crossover trial of nicotinamide versus placebo. The patients were randomly assigned to 8 weeks of active or placebo treatment. Nicotinamide was started at 500 mg/day, then the dosage was titrated up to 1,000 mg/day at week 3 and 1,500 mg/day at week 5. A 2-week washout period preceded the switch from treatment to placebo or vice versa. A significant fall in serum phosphorus was achieved, from 6.26±1.28 to 5.47±1.49 mg/dL with nicotinamide (P=0.02), but not with placebo. The Ca-P product also fell significantly with nicotinamide. One patient experienced diarrhea and another complained of a transient rash while receiving nicotinamide. Thrombocytopenia developed in nine patients on nicotinamide and five on placebo.
Young et al 25 conducted an 8-week, randomized, placebo-controlled trial of 15 peritoneal dialysis patients 
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Niacin and hyperphosphatemia management in dialysis patients with a baseline phosphorus value 4.9 mg/dL. Patients were initiated on nicotinamide 500 mg/day, with titration to 1,500 mg/day. In the active group, the plasma phosphorus fell by an average of 0.7±0.9 mg/dL, and the absolute between-group difference in serum phosphorus levels was 1.1 mg/dL (P=0.037). Two patients in the active arm had to discontinue treatment due to drug-induced adverse effects, such as diarrhea and pruritus.
In an Iranian study by Shahbazian et al, 26 48 dialysis patients with hyperphosphatemia were enrolled in an 8-week, randomized, placebo-controlled trial. The initial dose of nicotinamide was 500 mg/day in the first 4 weeks, then the dosage was titrated up to 1,000 mg/day in the remaining 4 weeks. The nicotinamide treatment achieved a significant fall in serum phosphorus levels, from 5.9±0.58 mg/dL to 4.77±1.43 mg/dL at week 4 (P=0.002) and to 4.66±1.06 mg/dL at week 8 (P=0.000). The mean Ca-P product also decreased significantly. Adverse effects related to nicotinamide included thrombocytopenia and diarrhea.
More recently, Aramwit et al 18 in Thailand reported the results from a 12-week, randomized, placebo-controlled trial of 28 hemodialysis patients with hyperphosphatemia. The initial niacin dose was 375 mg/day, with titration once weekly to 500, 750, and 1,000 mg/day, as tolerated. The average serum phosphorus of the active group decreased significantly from 7.13±1.09 mg/dL to 5.65±1.22 mg/dL (P0.001). However, the between-group difference in the post-intervention serum phosphorus levels was not significant. The level of Ca-P product dropped significantly in the treatment group (P0.001). One patient experienced niacininduced hot flushes.
In a crossover study by Edalat-Nejad et al 27 37 hemodialysis patients with hyperphosphatemia were randomly assigned to placebo or niacin with titration every 2 weeks from 400 to 600, 800, and 1,000 mg/day, respectively. After a washout period of 2 weeks, the patients were placed on the alternative therapy for the next 8 weeks. During the 8-week niacin treatment, serum phosphorus decreased from 6.66±1.40 to 5.96±0.87 mg/dL (P=0.006). Common adverse effects related to niacin included flushing, GI symptoms, and mild pruritus.
Lastly, Ahmadi et al 28 in Iran conducted the first headto-head comparative study of niacin against sevelamer hydrochloride in 40 hemodialysis patients with hyperphosphatemia. Flat doses of 500 mg/day for niacin versus 1,600 mg/day for sevelamer were used during the 4-week study period. Both groups demonstrated a significant drop in serum phosphorus (2.2±0.6 mg/dL, P0.0001 and 1.7±1 mg/dL, P=0.004, respectively). Reduction in the Ca-P product in the sevelamer group was 21.6±7 (P0.0001), while that of the niacin group was 16.3±11 (P=0.007). Sevelamer appeared superior to niacin in this short-term study.
Discussion
As niacin's clinical use has been traditionally limited to dyslipidemia treatment, institutional electronic medical records mostly lack baseline and repeated phosphorus measures which are essential to examine the vitamin's potential effects on serum phosphorus as well as Ca-P products. The paucity of relevant data in addition to Merck's 2013 decision to withdraw the niacin-laropiprant product from the global market made it difficult for researchers to initiate further clinical investigation on niacin's novel effects. Subsequently, the combination product failure also overshadowed the drug repositioning prospects of niacin in the treatment of hyperhosphatemia in ESRD patients. Under these circumstances, it is deemed important and timely to provide for the clinical world an updated, comprehensive review of new research findings regarding niacin's hypophosphatemic effects and provide suggestions for future studies.
Preliminary clinical trials demonstrated that niacin has the potential to be used as a cost-effective, alternative or adjunctive phosphorus-lowering treatment in dialysis patients. [12] [13] [14] [15] The availability of numerous generic formulations makes it more attractive to patients because they would prefer an inexpensive treatment option as a life-long therapy over patented phosphate binders such as sevelamer carbonate. In addition, with its well-documented, additive effects on lipid profile, chronic renal disease patients particularly with cardiovascular comorbidities can expect synergistic cardioprotective benefits from niacin therapy. [29] [30] [31] Other advantages include its flexible once-or twice-daily dosing regimen as opposed to the dosing schedule of traditional phosphate binders typically given three times daily with meals. This will significantly improve patient convenience as well as compliance with therapy while decreasing daily pill burden.
Finding ways to overcome side effects contributable to niacin is a prerequisite for successfully identifying and developing the new indication for the vitamin. Niacininduced facial flushing is rarely severe enough to lead patients to discontinue therapy, but it is the major cause of patient discomfort. Initiation at a low dose with slow titration and pretreatment with aspirin can attenuate the incidence and severity of the cutaneous side effect. 32 Additionally, selecting the extended-release (ER) formulation can help. Niacin is metabolized in the liver by either a conjugation or amidation pathway. The metabolite produced via the amidation pathway, nicotinamide, is mainly associated with GI symptoms and hepatotoxicity. Amidation is categorized as a high-affinity and low-capacity pathway. 22 Therefore, if niacin exists in low concentrations over time, such as with a sustained release formulation, amidation becomes a predominant metabolic pathway and produces more nicotinamide as a result. 33 In contrast, immediate-release niacin is likely to quickly saturate the low-capacity amidation pathway, shifting hepatic metabolism to conjugation. This will lead to greater production of nicotinuric acid and subsequent prostaglandin, resulting in more episodes of flushing. With its moderately slow metabolic rate, the ER formulation appears to be associated with the least incidence of flushing, GI symptoms, and hepatotoxicity. 22 Despite promising results from previous trials worldwide, niacin's efficacy and safety data compared with the gold standard phosphate binder is very limited, and its clinical dosage has not yet been clearly defined. The only headto-head trial thus far is the 2012 study by Ahmadi et al. 28 The research had several limitations in terms of sample size, subtherapeutic dose with no titration, treatment duration, comparator salt form, and confounder control. A dose-finding study (NCT01200784) in over 250 hemodialysis patients has been completed in July 2011, but the results remain unpublished. As a result, the optimal dosing strategy for niacin remains uncertain. Further large-scale, randomized-controlled, comparative trials are required to clarify the uncertainties faced by providers in clinical practice regarding the use of niacin as monotherapy or add-on therapy for hyperphosphatemia in dialysis patients. Following are suggestions for future studies. As it is unclear whether nicotinamide has equivalent effects on lipid parameters, niacin is recommended to be chosen as a study drug to ensure the synergistic antilipemic effects. Based on previous studies, the intervention dosage ranged from 375 to 1,500 mg/day, with the average daily dose of approximately 1,000 to 1,500 mg. The usual dose of niacin ER for dyslipidemia control, 1,000-2,000 g/day, is similar to the estimated dose for hyperphosphatemia treatment. Researchers, therefore, may start low and titrate up the niacin dosage to the goal daily dose of approximately 1,000-1,500 mg. Recruiting patients with a higher phosphorus level at baseline may help researchers to readily identify the significance of hypophosphatemic 
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Shin and Lee effects of interventions. 34 To evaluate the sustainability of niacin's therapeutic effects, long-term follow-up of patients is recommended. Lastly, potential confounders, such as dietary phosphorus intake, other phosphate binder use, and concurrent statin therapy, are required to be adequately controlled.
Conclusion
Niacin can be a patient-convenient and inexpensive alternative or add-on therapy for phosphorus management in dialysis patients. With its additive antilipemic effects, it can also provide synergistic benefits for chronic renal disease patients with cardiovascular comorbidities. Further well-designed, large-scale, long-term, comparative trials are needed to successfully repurpose niacin for the new indication.
